The balance between the production and elimination of reactive oxygen species (ROS) is essential in determining whether cells survive or undergo apoptosis. Nuclear factor erythroid 2-related factor 2 (Nrf2) may act as a sensor for electrophilic stress, thus regulating the intracellular antioxidant response. The present study investigated the role of vitamin C (VC) and quercetin (Q) in the induction of Nrf2-mediated oxidative stress in cancer cells. An MTT assay was conducted to examine the anti-proliferative effects of VC and Q. Reverse transcription-quantitative polymerase chain reaction and western blot analysis were performed to determine the messenger RNA (mRNA) and protein expression of Nrf2, respectively. The activity of nicotinamide adenine dinucleotide phosphate dehydrogenase quinone 1, heme oxygenase 1, glutathione peroxidase, glutathione reductase and reduced glutathione were measured by spectrophotometric analysis. Intracellular generation of ROS was determined using 2'-7'-dichlorodihydrofluorescein diacetate fluorescent probes. The results demonstrated that the cytotoxicity (50% inhibitory concentration) of VC and Q were 271.6-480.1 and 155.1-232.9 µM, respectively. Additionally, there was a significant decrease in the expression of Nrf2 mRNA and protein levels following the treatment of breast cancer cells with VC and Q (P=0.024). Following treatment with VC and Q, the nuclear/cytosolic Nrf2 ratio was reduced by 1.7-fold in MDA-MB 231 cells, 2-fold in MDA-MB 468 cells, 1.4-fold in MCF-7 cells and 1.2 fold in A549 cells. Sequential treatment with VC and Q decreased endogenous production of ROS in a dose-dependent manner (P=0.027). The results of the current study suggest that VC and Q treatment may be developed as an adjuvant for patients with cancer and overexpression of Nrf2.
Introduction
Phytochemicals have been applied as a multi-targeting approach to cancer medicine due to their potential to improve the efficiency of chemotherapy protocols (1) . Tumor cells produce high levels of antioxidants that neutralize free radicals, thus creating a negative balance of intracellular reactive oxygen species (ROS) levels, which facilitates the survival of cancer cells. Antioxidants help to alleviate the toxic effects of free radical-producing drugs and preserve the health of normal tissues patients with cancer (2) . However, it has been demonstrated that the up regulation of antioxidant systems may provide the same protection to tumor cells against oxidative damage, and subsequently, may stimulate tumor progression by increasing the aggressiveness and chemoresistance of tumor cells (2) .
Nuclear factor erythroid 2-related factor 2 (Nrf2) has been recognized as a member of the cap ʻnʼ collar subfamily, and regulates the intracellular antioxidant response through the controlled activation of a series of genes, including phase-II detoxifying enzymes, endogenous antioxidants and transporters that shield cells from the harmful effects of carcinogens and environmental toxins (3) (4) (5) . Overexpression of Nrf2 and its downstream target genes has been identified in numerous primary tumors, and may protect cancer cells against the cytotoxic effects of chemotherapeutic agents (6, 7) . Therefore, understanding the signaling pathway of Nrf2 is essential in tumor biology, and the application of Nrf2 inhibitors may be a useful method of treating tumors (8) (9) (10) (11) .
Vitamin C (VC) is known as one of the most prominent antioxidative components, which may exert chemopreventive effects without perceptible toxic side effects (12) . VC produces cytotoxic levels of hydrogen peroxide and kills cancer cells at pharmacological concentrations, as tumor cells are often catalase-deficient and more susceptible to hydrogen peroxide than normal cells (12) . It has been demonstrated that ascorbic acid (a form of VC) protects normal cells against oxidative stress in mice, suggesting that VC may be used as an adjuvant for cancer treatment (13) (14) (15) . Additionally, ascorbic acid inhibits Nrf2 activation by interfering with Nrf2 nuclear localization and it's binding to the antioxidant response element (ARE) sequence (16) .
The role of quercetin and vitamin C in Nrf2-dependent oxidative stress production in breast cancer cells
One of the most abundant flavonoids in fruits and vegetables is quercetin (Q), which has been shown to exert anticancer actions, such as the blocking of tumor initiation (17) , in addition to exerting anti-oxidative (18) and anti-apoptotic activities in different cancer cell lines (19, 20) . Notably, Q has the capacity to act either as an antioxidant or as a pro-oxidant, depending on its concentration and the period of exposure (21, 22) . It has been demonstrated that high doses of Q decrease cell survival rates and diminish the levels and activities of cellular antioxidants, thus enhancing antitumor effects (23) . By contrast, low doses of Q augment the total antioxidant capacity of cancer cells and counteract the cytotoxic effects of antineoplastic drugs in lung cancer A549, colorectal cancer HCT116 and ovarian cancer cells (22) . Q rapidly stimulates Nrf2 phosphorylation and translocation to the cytosol (24) . However, long-term treatment of the cells with Q inhibits both these effects and transiently induces the activation of p38 mitogen-activated protein kinases (24) .
In the present study, it was hypothesized that the combined effects of Q (a multiple signaling inhibitor) and VC (an antioxidant agent with antineoplastic activity) could exert a synergistic effect on ROS levels in cancer cells via inhibition of Nrf2. The cytotoxicity of Q and VC in various cancer cells was examined, and the effectiveness of the Nrf2 pathway was investigated at the gene and protein levels.
Materials and methods
Reagents. RPMI-1640 medium and 10% fetal bovine serum (FBS) were obtained from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Primary rabbit polyclonal anti-Nrf2 (sc-722) and anti-β-actin antibodies (sc-47778) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Q and VC were purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). The human breast cancer cell lines MDA-MB 231, MDA-MB 468 and MCF-7, and the human lung cancer cell line A549, were all obtained from the National Cell Bank of Iran, Pasteur Institute of Iran (Tehran, Iran).
Cell cytotoxicity study. Cancer cells were seeded at a density of 1x10 4 cells/well in a 96-well plate and cultured in RPMI-1640 medium containing 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C in a humidified 5% CO 2 atmosphere. Cells at passages 3-5 were used in subsequent experiments after reaching 70% confluence. Cells were exposed to varying concentrations of Q and VC (0.1-1,000 µM) for 24 h. Subsequently, 100 µl 0.5 mg/ml MTT solution in PBS was added per well, and the plate was incubated at 37˚C for 3 h in the dark. The absorbance was then measured at 570 nm in an ELISA reader (Mikura Ltd., Horsham, UK).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Cancer cells were cultured at a density of 5x10 5 cells/well in a 6-well plate, and following incubation for 18-24 h, cells were treated with 200 or 100 µM VC for 24 h. Then, 50 or 75 µM Q, respectively, was added for 6 h. Following isolation of RNA using BioZOL RNA extraction reagent (BioFlux Corporation, Tokyo, Japan), the amount of RNA was determined with a NanoDrop 1000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). Total RNA was immediately reverse transcribed to generate first-strand complementary DNA using an RT kit (Fermentas; Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA), according to the manufacturer's protocol. Specific primers for Nrf2 were used to detect Nrf2 expression: Forward, 5'-ACA CGG TCC ACA GCT CAT C-3' and reverse, 5'-TGT CAA TCA AAT CCA TGT CCT G-3'. The levels of β-actin and ribosomal protein lateral stalk subunit P0 (RPLP0) were also analyzed as reference genes. The primers used were as follows: β-actin forward, 5'-AAT CGT GCG TGA CAT TAA G-3' and reverse, 5'-GAA GGA AGG CTG GAA GAG-3'; and RPLPO forward, 5'-GAA GGC TGT GGT GCT GAT GG-3' and reverse, 5'-CCG GAT ATG AGG CAG CAG TT-3'. qPCR was performed using SYBR ® Premix Ex Taq™ II (Tli RNaseH Plus) (Takara Bio, Inc., Otsu, Japan) and analyzed using the software provided in the StepOnePlus™ Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). qPCR amplification was carried out for 25 cycles using the following protocol: 95˚C for 10 min, 94˚C for 30 sec, 55˚C for 30 sec, 72˚C for 30 sec and 72˚C for 10 min. The Pfaffl method was used for the relative mRNA quantification, as described previously (25, 26) .
Western blot analysis. To detect Nrf2 protein levels, cells at a density of 12x10 5 cells/T75 flask were cultured for 18-24 h. Firstly, they were exposed to 200 or 100 µM VC for 24 h. Subsequently, 50 or 75 µM Q (respectively) was added for 6 h. Cells were then lysed at 4˚C in a buffer containing 50 mM Tris, 20 mM NaCl and 200 µl NP-40 in a final volume of 20 ml (pH 8.0). A total of 10 µl 7X protease inhibitor cocktail (P8340; Sigma-Aldrich; Merck Millipore) was mixed with 750 µl lysis buffer, and then 1X lysis buffer was added to each flask. Cells were removed by a scrapper and placed on a rotator for 30 min, followed by centrifugation at 12,000 x g for 20 min at 4˚C. The supernatant was then collected, and protein concentrations were determined using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). To produce a cytosolic fraction, cells were re-suspended at 4˚C in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol and 0.2 mM phenylmethane sulfonyl fluoride; pH 7.9), placed on ice for 10 min and vortexed for 10 sec. Samples were centrifuged at 10,000 x g for 2 min at 4˚C, and the supernatant containing the cytosolic fraction was stored at -80˚C. Protein concentrations were measured using the aforementioned Pierce BCA Protein Assay kit. Equal amounts of protein (30 µg per sample) were separated by 12.5% SDS-PAGE and transferred to a nitrocellulose membrane. Following blocking with 10% skimmed milk for 1 h, proteins were incubated with rabbit polyclonal antibodies against Nrf2 (dilution, 1:700) and β-actin (dilution, 1:5,000) at 4˚C overnight. Upon washing three times, the membranes were further incubated with horseradish peroxidase-conjugated secondary antibodies (rabbit anti-mouse immunoglobulin G; dilution, 1:10,000; ab97046; Abcam, Cambridge, UK) for 2 h at room temperature. Finally, immunoreactive protein bands were developed using enhanced chemiluminscence (123072; Sigma-Aldrich; Merck Millipore). Normalization of western blot analysis was ensured by using β-actin as a loading control. Western blot quantification was performed using ImageJ software version 1.48 (https://imagej.nih.gov/ij/download.html).
Determination of glutathione peroxidase (GPx) activity.
The procedures defined by Fecondo and Augusteyn (27) , which screen continuous regeneration of reduced glutathione (GSH) from oxidized glutathione (GSSG) in the presence of glutathione reductase (GR; Sigma-Aldrich; Merck Millipore) and disodium (Na 2 ) salt of reduced nicotinamide adenine dinucleotide phosphate (NADPH; Sigma-Aldrich; Merck Millipore) were used to determine the GPx activity, with minor modifications. After culturing cells at a density of 12x10 5 in a T75 flask for 18-24 h, cancer cells were treated with VC and Q as mentioned in the preceding paragraph. The enzyme activity in the clear supernatant of tumor cell lysates was expressed as µmol of NADPH oxidized/min/mg cell protein, using a molar extinction coefficient of 6.22x10 6 M -1 cm -1 for NADPH. The GPx activity is defined as mU/mg of cell protein.
Determination of GR activity. The activity of GR was assessed by the method elucidated by Maiani et al (28) , with minor modifications. Cancer cells were cultured at a density of 12x10 5 cells/T75 flask, and after 18-24 h of incubation, they were treated with 200 or 100 µM VC for 24 h. Then, 50 or 75 µM Q, respectively, was added for 6 h. The GR assay was performed in a cuvette in a total volume of 1 ml, containing 60 µM buffer, 5 mM EDTA (pH 8.0), 0.033 M GSSG, 2 mM NADPH and sample. The decrease in absorbance, which represents the oxidation of NADPH during the reduction of GSSG by the GR present in the sample, was monitored spectrophotometrically at 340 nm for 3 min. Results were based on a molar extinction coefficient for NADPH of 6.22x10 6 M -1 cm -1
. The GR activity was defined as mU/mg cell protein.
Determination of NADPH dehydrogenase quinone 1 (NQO1)
activity. Similarly, to the determination of GR activity, following the seeding of cancer cells at a density of 12x10 5 cells/T75 flask and treatment with VC and Q, cells were washed with FBS and resuspended in 2 ml 25 mM Tris-HCl buffer (pH 7.4) and 250 mM sucrose (1:1). Then, cells were sonicated on ice for 10 sec (twice) using a probe sonicator. The resultant sonicate was centrifuged at 10,000 x g at 4˚C for 30 sec to remove large particles. The activity of NQO1 was determined spectrophotometrically as the dicoumarol-inhibitable fraction of the NADH-dependent reduction of dichloroindophenol (DCPIP). DCPIP was used as an electron acceptor, as it loses color upon reduction. Briefly, 100 ml extract was placed in an acid-cleaned quartz cuvette containing 2.7 ml buffer [25 mM Tris-HCl (pH 7.4), 700 mg/ml bovine serum albumin (BSA) (A1933; Sigma-Aldrich; Merck Millipore)], 100 ml NADH (6 mM) and 100 ml DCPIP (1.2 mM). The cuvette was rapidly agitated, and the absorbance at 600 nm was recorded over 2 min using a sample with no enzyme as a reference. The assay was then repeated with a fresh sample containing 10 ml dicoumarol inhibitor (10 mM in dimethyl sulfoxide). Dicoumarol sensitive activity [rate of optical density (OD) change without inhibitor/rate of OD change with inhibitor] was used to measure NQO1 activity. The final activities were calibrated against protein concentration and expressed as nM/min/mg protein. Protein concentration was determined using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc.).
Heme oxygenase 1 (HO1) activity assay. HO1 activity was measured in microsomal preparations from cells. Similar to the previous test, following cell culture at a density of 12x10 5 cells/T75 flask and treatment with VC and Q for 30 h, cells were homogenized in 0.5 ml ice-cold 0.25 M sucrose solution containing 50 mM potassium phosphate buffer (pH 7.4). Homogenates were centrifuged at 200 x g for 10 min. The supernatants were then centrifuged at 10,000 x g for 20 min, and further centrifuged at 30,000 x g for 60 min at 4˚C. The resultant pellet was resuspended in 50 mM potassium phosphate buffer (pH 7.4) and the protein concentration was determined using the aforementioned Pierce BCA Protein Assay kit. The extract (containing 40 mM protein) was mixed with 20 µM hemin (H2250; Sigma-Aldrich; Merck Millipore), 15 mM BSA, 1 mM NADPH, 0.1 M potassium phosphate buffer (pH 7.4) and 1.5 unit purified biliverdin reductase (B3687; Sigma-Aldrich; Merck Millipore). After 1 h of incubation at 37˚C, the reaction was stopped with 0.6 ml chloroform. Following the extraction of cells, bilirubin concentrations in the chloroform cell extracts were determined by spectrophotometry at an absorbance wavelength of 464-530 nm. HO1 activity was calculated as nM bilirubin/mg protein/min, assuming an extinction coefficient of 40/(mmol/l)/cm in chloroform.
Determination of GSH. GSH assay using 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) was performed according to the Ellman's method (29) . Standard curves were constructed from 1 mM GSH. Following the seeding of cancer cells at a density of 12x10 5 cells/T75 flask and treatment with VC and Q, clear supernatant of cell lysate was analyzed for GSH levels. A total of 2.3 ml potassium phosphate buffer (0.2 M, pH 7.6) was added to 0.2 ml cell lysate supernatant, and then 0.5 ml DTNB (0.001 M) was added to the solution. The absorbance was measured 5 min later at 412 nm.
Determination of intracellular generation of ROS.
2'-7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescent probes were used to measure the intracellular generation of hydrogen peroxide (H 2 O 2 ) and superoxide anions (O2˙-), respectively (30) . These probes are stable nonpolar compounds that readily diffuse into cells. Once inside the cells, the acetate groups of DCFH-DA are cleaved from the molecule by intracellular esterases to yield DCFH, which is trapped within the cells. Intracellular H 2 O 2 or low-molecular weight peroxides, oxidize DCFH to dichloride, which is a highly fluorescent compound. Thus, the fluorescence intensity is proportional to the quantity of peroxide produced by the cells. Briefly, solid tumor cells were seeded at a density of 1x10 4 cells/well in a 96-well plate. Following cell treatments with VC and Q, the media of each well were removed, and 100 µl 10 µM DCFH-DA was added to the plate, which was then incubated for 30 min at 37˚C in a humidified 5% CO 2 atmosphere. Extracellular DCFH-DA was subsequently replaced with 200 µl PBS -(PBS without calcium or magnesium), and the fluorescence intensity was determined with a fluorimeter, using 480 and 530 nm as the excitation and emission wavelengths, respectively.
Statistical analysis. Data were collected and expressed as the mean ± standard error of the mean from three independent experiments. Statistical analysis was performed by applying one-way analysis of variance and Tukey's test to compare the control and vehicle groups against the treated groups. P<0.05 was considered to indicate a statistically significant difference. The 50% inhibitory concentration (IC 50 ) values for VC and Q were calculated using GraphPad Prism software version 5 (GraphPad Software, Inc., La Jolla, CA, USA).
Results
Evaluating the cytotoxic effects of VC and Q against solid tumor cell lines. VC exhibited cytotoxicity against the cancer cell lines, with an IC 50 of 271.6-480.1 µM. Q displayed comparable cytotoxic profiles against the tumor cell lines, with an IC 50 of 155.1-232.9 µM (Table I) . VC and Q exhibited a growth-inhibitory effect in a dose-dependent manner. Dose-response values were measured (Fig. 1A and D) . The results indicated a concentration-dependent decrease in cell viability following treatment with VC and Q. VC and Q significantly decreased cell viability of tumor cells at concentrations >100 µM (Fig. 1) (P=0.045) . Based on this observation, subtoxic concentrations of Q (50 and 75 µM) and VC (100 and 200 µM) were selected to investigate the effect of Q and VC on Nrf2 signaling.
Roles of VC and Q on Nrf2 expression.
In a preliminary study, MDA-MB 231 cells were seeded and cultured for 24 h prior to treatment with various concentrations of VC (50, 100 and 200 µM) or Q (25, 50 and 75 µM), individually or in combination. With sequential treatment, the most significant decrease in Nrf2 mRNA expression was observed following the incubation of cells with 200 µM VC in combination with 50 µM Q, or 100 µM VC with 75 µM Q (data not shown). Therefore, the same combinations of VC and Q were applied for subsequent treatments of the other cancer cell lines. The results indicated that incubating breast cancer cells with VC and Q induced 
Effects of sequential treatment with VC and Q on xenobiotic metabolizing enzymes and thiol content.
To investigate how treatment with VC and Q affects Nrf2-regulated genes, the levels of xenobiotic metabolizing enzymes and thiol content in solid tumor cells were determined. There were no significant changes in GPx or GR activities in MDA-MB 231, MCF7 or A549 cells following exposure of cells to sequential treatment of VC and Q ( Fig. 4A and B) . However, both these parameters were significantly decreased in MDA-MB-468 cells (P=0.027), indicating a significant reduction in the level of antioxidant enzymes. In the MDA-MB 231 and MCF-7 cell lines, HO1 was significantly suppressed following treatment with VC and Q (Fig. 4C) . Additionally, NQO1 activity was significantly decreased in all treated cells (Fig. 4D) . The most prominent changes were observed in MDA-MB 231 cells, suggesting that this cell line, which has higher levels of Nrf2 expression, is more sensitive to the suppressive effects of VC and Q than the other cell lines evaluated.
Inhibitory effect of sequential treatment with VC and Q on intracellular ROS levels.
The baseline DCF florescence measurement indicated that 30 h of sequential treatment with VC and Q significantly decreased endogenous ROS levels in a dose-dependent manner (Fig. 5A) . By contrast, sequential treatment of cells with VC and Q did not modulate cellular thiol levels in tumor cells (Fig. 5B) .
Discussion
Identifying novel and potential molecular targets for cancer therapy is the goal of current studies that aim to decrease the side effects of chemotherapy agents and overcome chemo-resistance. Nrf2 and downstream target genes serve a pivotal role in cellular redox homeostasis, elimination of ROS and xenobiotic metabolism (5). Persistent Nrf2-mediated antioxidant responses promote malignant progression, development of acquired apoptotic resistance and chemo-resistance in cancer cells (30, 31) . Therefore, the identification of stable, safe and potent Nrf2 inhibitors to decrease the antioxidant response and reduce drug metabolism in tumor cells is urgently required. In a pilot study in our laboratory (Recombinant Protein Laboratory, School of Medicine, Shiraz University of Medical Sciences), it was demonstrated that treatment of MDA-MB 231 cells with 25 µM Q increased the expression of Nrf2, while 50 and 75 µM Q decreased the mRNA levels of Nrf2. In addition, suppression of Nrf2 mRNA was detected when the cells were treated with 50-400 µM VC (data not shown).
It has been reported that treatment of HepG2 cells with 50 µM Q inhibited Nrf2 activation by decreasing the nuclear translocation of Nrf2 and the nuclear content of phosphorylated Nrf2 (24) . Furthermore, changes in the redox state caused by antioxidants such as VC inhibited Nrf2-mediated gene expression and overcame resistance to imatinib (16) . Therefore, the doses of VC and Q used in the current study were pharmacological and selected according to their low levels of toxicity, as well as their efficacy at inhibiting Nrf2 expression. The results of the present study demonstrated that treatment with Q, a tumor-active phytochemical, and VC, an antioxidant agent with antineoplastic activity, resulted in a significant decrease in Nrf2 expression and induced oxidative stress in cancer cells. Sequential treatment of solid tumor cells with VC and Q reduced the mRNA and protein levels of Nrf2. Suppression of Nrf2 protein expression was notable, and the overall response indicated that the aforementioned treatment decreased Nrf2 mRNA and protein expression, as well as reducing the stability of Nrf2 protein, leading to the suppression of Nrf2.
In various types of cancer cells, Q inhibits cell growth and induces apoptosis; however, it also induces the expression of antioxidant proteins involved in the elimination of ROS, thus protecting cells against oxidative damage (32, 33) . Flavonoids, including VC and Q, have emerged as an effective adjuvant in cancer therapy, due to acting as free radical scavengers and immune system modulators, in addition to .05 compared with the control group and vehicle. Nrf2, nuclear factor erythroid 2-related factor 2; VC, vitamin C; Q, quercetin; nuc/cyto, nuclear/cytoplasmic Nrf2 ratio.
exhibiting antioxidant properties (34) . It has been demonstrated that treatment of MSTO-211H lung cancer cells with 20 µM Q stimulated an increase in the levels of cellular Nrf2, upregulation of Nrf2 mRNA and protein and an increase in the affinity of Nrf2 for binding to ARE-driven reporter sequences, consequently boosting the expression of downstream genes compared with untreated cells (35) . However, at doses of Q ≥60 µM, the levels of Nrf2 protein were not affected (35) . It has been suggested that Q may act as a ʻdouble-edged swordʼ due to its unique properties, since it behaves as an antioxidant and/or pro-oxidant depending on its concentration and the duration of exposure (35) . Treatment of HepG2 cells with 50 µM Q induced activation of p38 following 4 h of treatment. By contrast, following18 h of incubation, the level of p38 expression detected was similar to that of the control cells. Nrf2 expression was inhibited at both incubation times, and Q (50 µM) induced a time-dependent activation of p38, in parallel with a transient stimulation of Nrf2, provoking its inhibition later (24) .
VC has been employed as an adjuvant for the treatment of cancer patients, as it acts as pro-oxidant by generating ascorbate radicals and hydrogen peroxide against the growth of tumor cells but not against that of normal cells (36) . It has been indicated that VC significantly inhibits tumor growth in Lewis lung carcinoma (LLC)-bearing mice at low and high doses (37) . Addition of 0.125 mM ascorbic acid to KCL22/SR cells markedly reduced their peroxide levels and inhibited the formation of the Nrf2/DNA complex in KCL22/SR cells, without any changes in the level of Nrf2 protein in the total cell lysate, suggesting that ascorbic acid represses the translocation of Nrf2 into the nucleus (16) . Since oxidative stress stimulated the translocation of Nrf2 into the nucleus, a shift in intracellular redox balance towards a reduced condition may hinder the movement of Nrf2 in KCL22/SR cells. The results of the current study demonstrated that HO1 activity was reduced in MDA-MB 231 and MCF-7 cells, and that the activity of NQO1 diminished significantly in all tumor cell lines following treatment with VC and Q. To maintain homeostasis during oxidative stress, cells enhance the GSH concentration and upregulate glutathione-related enzymes to prevent potential oxidative insults and suppress oxidative-stress induced injuries (38, 39) . NQO1 and HO-1 are two major downstream targets of Nrf2, and serve a pivotal role in the maintenance of cellular redox homeostasis, thus preventing the transformation of normal cells to precancerous or malignant ones by counteracting ROS-mediated carcinogenesis (40) . However, it was demonstrated that NQO1, in parallel with Nrf2 overexpression, aberrantly elevated the levels of HO1 in different types of cancer (40, 41) . Minaei et al demonstrated the effectiveness of nano-Qin decreasing the levels of NQO1 and multidrug resistance-associated protein 1without altering Nrf2 expression (41). Ren et al reported that Q decreased the half-life of Nrf2 by means of ubiquitination systems, which led to a reduction in the gene expression levels. It was also demonstrated that treatment of human keratinocytes with 50 µM VC had no effect on NQO1 or HO1 activities (42) . Furthermore, it was identified that administering injections of VC to tumor cells increased the carbonyl levels in the liver, but reduced the GSH/GSSG ratio in the liver and kidney (43) . Therefore, it was suggested that high-dose VC has a bifunctional role: i) Pro-oxidant activity against tumor growth; and ii) antioxidant activity against oxidative stress and nephrotoxicity induced by cisplatin in LLC-bearing mice (37) . It was demonstrated that treatment of human keratinocytes with 50 µM VC did not affect NQO1 or HO1 activity (43) . Additionally, it has been demonstrated that treatment of HepG2 cells with Q for 4 h enhanced the activity of GPx and GR, and increased GSH levels as well as GCS expression, therefore suggesting that Q can mediate the expression of GSH-related enzymes (44) . This may be associated with the fact that Nrf2 activation is a master regulator upstream the GPx and GR genes. Similarly, following acute stress, GSH levels may be temporarily suppressed and subsequently recovered, due to an increase in GCS activity and mRNA levels. GSH levels therefore may be a signal of cellular self-protection against a sub-lethal toxic insult. High levels of Q, which induce toxicity, overcome the defense mechanisms of the cell, such as the Nrf2 response (45) . By contrast, the results of the current study suggest that unchanged levels of GPx, GR and GSH may imply impairment in the machinery involved in the gene transcription and mRNA synthesis of antioxidant enzymes. It was demonstrated that ROS levels significantly increased in tumor cells treated with VC and Q. The capability of Q to reduce the levels of accumulated intracellular ROS indicated that the protective effects of flavonoids are not only limited to their antioxidant properties, but they can also act as ROS scavengers in the extracellular medium (46) . Treatment with 1 or 5 mM ascorbate increased the levels of intracellular ROS in ReN cells but not in mesothelium cells. Additionally, it was demonstrated that malignant mesothelioma cells enhanced superoxide production and induced overexpression of the superoxide-producing NADPH oxidase 4 (47) . This discrepancy between data collected in the current study and previous studies may be due to different doses of agents used, duration of treatments and the sequential treatments that were employed.
The results of the present study indicate that targeting Nrf2 may be a promising strategy to induce oxidative stress, which in turn represents a potential efficient method of sensitizing tumor cells. Furthermore, Nrf2 may be a determining factor for inhibition in chemotherapy protocols. The sequential treatment of solid tumor cells with VC and Q reduced the expression of Nrf2 at the mRNA and protein levels. Therefore, further studies to establish the efficacy and safety of antioxidant adjuvants in vivo and in humans are required to establish evidence-based guidelines on their use in cancer therapy, in order to obtain optimal therapeutic outcomes in patients with cancer. 
